-A187 686

A SIMPLE MODEL FOR THE INITIAL PHASE OF A NATER PLASHA
ABOUT A LARG. . (U> MASSACHUSETTS INST OF TECH
IDGE DEPT OF RERONAUTICS AND A..

UNCLASSIFIED D E HASTINGS ET AL. 04 MAY 87 SCIENTIFIC-1 F/G 4/1

g




Al et T AT T e et el

f ”% "E*':E mﬁmz;;f
|| £ 2o

””E liLe

25 [1is s

MICROCOPY RESOLUTION T1EysT CHART
NATIONAL BUKEAL G L AND AR 1w o g

- - - ~- ..
o A ~ \\ ‘,?.'\ \..\'
5“'\}\."\2 ~’~'\'\*\" ."‘. N yhe ".Q AT T
Tl deles "'-"" ’ ':'-""" 's." \" s‘;,x ~ xﬁ "\"- :,‘.::'-‘.'.




A e A B A A A v »
F. et A A Sy WA A tate A SR tat P nal Aoy bt L as s B N M S U bl G Soit it S LA ST A 0 e 1) soe g che g siaste-sie o g

©

I _ELE.COL

PR

h
<+

AFGL-TR-87-0140

TaTaTes
Ly

P
Caor

Yy %
’

(V)
N ) g
LY tAAAAAALY " FLNN

A Simple Model for the Initial Phase
of a Water Plasma Cloud about a
Large Structure in Space

R
Bl e
)

0

-]
(3 ’ h-'--'
-' "l. " .
Qi

L Y
e
e e S l..'. v

v v .
R RPN
. PR

D.E. Hastings
N.A. Gatsonis
T. Mogstad

-

AR

o0,
s

2
'4 a ‘l "‘

Massachusetts Institute of Technology
Department of Aeronautics & Astronautics
Cambridge, MA 02139

-.'.'-nn
2L
=3

1
v

Y2 %y ¥ T
Yy

vy

4 May 1987

s a
v

AD-A187 686

2

4
v
»

v
N

T

rh A Tyt
. .

Scientific Report No. 1

h 3 o4
e

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

AIR FORCE GEOPHYSICS LABORATORY A
AIR FORCE SYSTEMS COMMAND T
UNITED STATES AIR FORCE o
HANSCOM AIR FORCE BASE, MASSACHUSETTS 01731 A

v

CAAAT T e

L ]
. e

RN W SR

AT A
" ll -
A TR

4
" e

PR R )
Lo
. Iy
v e

» .

- . e
AR

Ay e
L
e’

v ‘o'

PR S )

o e e T e N T e N T L TN L N e e e e - - ~
B O T T e e P TP N SN RS
DL IS R S S AL L G S S St T KRS S N I T,
B A WL A Y A ST RS F s | ' N N Y AT DTN e

Al ntat el autis Tataatasa Ta e

A



I'nelassitioed

SECURITY CLASSIFICATION OF TS PAGE

Form Approved
REPORT DOCUMENTATION PAGE OMB N 0704-0188
*a REPORT SECURITY ct{ASSF CATION b RESTRICTIVE MARK NGS
tneTassifie
2a SECURITY CLASSIFICATION AUTHORITY 3 DISTRIBUTION/AVAILABILITY OF REPORT
7b DECLASSIFICATION  DOWNGRADING SCHEDULE anproved for nublic release; distribution
unlimited
4 PERFORMING ORGANIZATION REFORT NUMBER(S) 5 MONITORING ORGANIZATION REPORT NUMBER(S)
AFGD-TR-87-0140
6a NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION
Massachusetts Institute of (I applicable)
lechnology Alr Vorce Geophvsics Laboratory
6¢c. ADDRESS (City, State, and ZIP Code) 7h ADDRESS (City, State, and ZIP Code)
Dept. of Acvronautics & Astronautics Lanscom AVB
Cambridge, MA 02139 Sassachusetts 01731
8a. NAME OF FUNDING  SPONSORING 8b -OFFICE SYMBOL 9 PROCLREMENT INSTRUMENT IDENTFICAT'ON NUMBER
ORGANIZATION (If applicable)
F19628~86-K-0018
8c ADDRESS (City, State, and ZIP Code) 10 SOURCE OF FUNDING NUMBERS
PROGRAM PROJECT TASK «'\/C(ggrs(s_\ﬂ o
EL T NO NO NO ACCESSON N
()E’Y‘Fﬁ‘i' 1.CPD 61 AB

11 TITLE (Include Security Classification)
A Simple Model for the Initial Phase of a Water Plasma Cloud about a Targe Strocture in
SRaGL
12 PERSONAL AUTHOR(S!
D.E. Hastings, N.A. Gatsonis, T. Mogstad
13a TYPE OF REPORT 13b T'ME COVERED 14 DATE OF REPORT (Year Month, Day) |'S PAGE COUNT
scientific Report ~1f F0M To 4 ay 1987 38
16 SUPPLEMENTARY NOTATION

17. COsSATI CODES 18 SUBJECT TERMS (Continue on reverse if necessary and :dentify by block number)
, FIELD GROUP SUB-GROUP Keywords: 4)\J;1tt'r plasma cloud,
\ Electrostatic noise,
‘(\ .

19 A‘\QSTRACT (Continue on reverse f necessary and identify by block number)
lLarge structures in the ionospherce will outgas or eject ncutral water and nerturb the
ambient neutral environment. This water can undergo charge exchange with the anbicent
oxvyen fons and form a water plasma cloud. Additionally, water dumps or thruster
firings can create a water plasma cloud. A sinple model for the evolution of a water
plasma cloud about a large space structure is obtained. 1t is shown that if the
cicctron densitv around a large space structure is substantiallv cnhanced above the
ambient densityv then the plasma cloud will move awav from the structure. As the cloud
moves awav it will become unstable and will eventually break up into filaments. A true
steady state will exist only if the total clectron density is unperturbed froe the
ambient densitv.,  When the water density is taken to be consistent with Shuttle based
observations the cloud is found to slowly drift awav on a timescale of manv tens of
nillisceconds, This time is consistent with the Shuttle obscervations. ‘

20 DISTRIBUTION/ AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION
G uncaassieepunumiten [ same As ReT (3 OTIC USERS Une Lussificd
220 NAME OF RESPONSIBLE NDr/iDLAL 22b TELEPHONE (Include Area Code) | 22¢ OF= (& SYVEOL
Doayid (ool NERIWAUNY
DD Form 1473, JUN 86 Previous editions are obsolete SECURITY CLASSIFICAT'ON OF "H'S PAG:

* A TP T " S VI °,
RN AN )\'.'?.."_.\.\\‘.\.n‘

R AN NN
P N, . SN, Wl o




A NWVYREELURURTURU WPUP W TETW IV T Lat At da ot ot 2.0 0.0 020 .4 083 0°0.0 828" 0.0 '8k’ 4" o _gla @7
‘
K
' Contents
.
1. Introduction 1
1:: . 2. Derivation of the Equations for the Plasma Cloud 3
k)
e 3. Analytic Solutions of the Cloud Equations 8
12
" 4. Derivation and Numerical Solution of the Averaged Cloud
! Equations 9
& 5. Conclusions 15
6. Acknowledgements 16
i Appendix A: Analytic Proof that Cloud Equations Have No
Steady State 16
3 References 19
~
X , INlustrations
L)
j 1. Coordinate System 21
’
N 2. Steady State Water lon Density Contours for a Uniform
1 Electron Density 22
e 3. Initinl Water lon Density Contours for Numerical Simulations.
| This corresponds to an initial puff of water plasma 23
. 4. Initial Pgotential Contours for a Central Water Ion Density of
: 104 cm"® where Water Plasma Has the Contours of Figure 3. 24
j 5. Initial Potential Contours for a Central Water Ion Density of
! 106 ecm3 Where Water Plasma Has the Contours of Figure 3 25
[~ 6. Initial Potential Contours for a Central Water Ion Density of
; 108 cm 3 Where Water Plasma Has the Contours of Figure 3 26
"
s'. 7. Water Ion Density Contours at 0.1 sec for an Initial Central
v Water lon Density of 106 em-3 27
8. Oxygen lon Density Contours at 0.1 sec for an Initial Central
K Water lon Density of 106 em™3. Note that the region of oxygen
- depletion is much smaller than the water density enhancement
in the previous figure 28
1,
j.': 9. Potential Contours at 0.1 sec for an Initial Central Water lon
4 Density of 106 em™ 3 Potential at the origin is taken to be 4V 29
» ) !
iii i
» v
) *

w e

Sa 1 -
N nne bl . -
1 . .
E L :
[ ! :
NADP YRV : .
A .
.S
; -} :

Laa

hh




4. %2 B2 Ris A'a B'm & & A'a &' g . (ERY VY fah et Bat (ot Bat Bt BAobac b Ge 0 o e ' a* h_? A } “Sha Alar s e a0 Ste by

10. Water Ion Density Contours at 0.15 sec for an Initial Central Water
Ion Density of 106 em”3 30

11. Water Ion Density Contours at 0.2 sec for an Initial Central Water
Ion Density of 106 cm ™3 31

Y T e dn I P

12. Water lon Density Contours at 0.25 sec for an Initial Central Water
Ion Density of 106 cm=-3 32

13. Water lon Density Contours at 0.3 sec for an Initial Centra! Water
lon Density of 106 cm ™3 33

AL

.
N

a .

T T T T Y,
R

’

L A e N

iv

PEL

04

>

IO



aalaat o at, A, 20 ale a0 /gl tat Tl Vb tal ol b ol tap fal Sag ¢a Yo (R Ial tal ‘ot aut il Rab tal Gab oah 0ib il el tal sal tal sl atotallo ety ol saly o3 ]

0
9

" A Simple Model for the Initial Phase of a Water Plasma Cloud about a Large

A Structure in Space.

K

. D.E. Hastings, N. A. Gatsonis and T. Mogstad

Dept of Aeronautics and Astronautics, MIT,Cambridge, MA 02139

N

b Abstract

“

2 Large structures in the ionosphere will outgas or eject neutral water and perturb the ambient
[ neutral environment. This water can undergo charge exchange with the ambient oxygen ions and
W form a water plasma cloud. Additionally, water dumps or thruster firings can create a water plasma
» cloud. A simple model for the evolution of a water plasma cloud about a large space structure is

obtained. It is shown that if the electron density around a large space structure is substantially

enhanced above the ambient density then the plasma cloud will move away from the structure. As
; the cloud moves away it will become unstable and will eventually break up into filaments. A true
‘ steady state will exist only if the total electron density is unperturbed from the ambient density.
: When the water density is taken to be consistent with Shuttle based observations the cloud is found
.. to slowly drift away on a timescale of many tens of milliseconds. This time is consistent with the
y Shuttle observations.

1 Introdrv-:tion

‘ Since the dawn of Shuttle flights to the ionosphere it has been realised that the ambient iono-
. sphere is strongly perturbed by the presence of a large body in space[Green et al.,1985]. Several
-Z experiments on board the Space Shuttle have been devoted to the measurement of the plasma
:,-‘ parameters in the vicinity of the spacecraft[Murphy et al.,1986; Reasoner et al., 1986]. It has been
< found that the Shuttle or any body in space affects the ambient environment through the inter-
2 action of its associated contaminant cloud with the environment. The contaminant cloud arises
< from surface outgassing, leaks from life support systems, thruster firings and water dumps. The
Y contaminant cloud can undergo several different types of interactions with the ambient environ-

ment ranging from physical interactions such as momentum transfer to chemical interactions such
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as charge exchange. The result is that the selfconsistent environment around a large body in
space may be significantly different from the ambient environment. We choose to put the empha-
sis on large bodies since large bodies can have an associated contaminant cloud which makes an
O(1) change to the ambient environment. By an O(1) change we mean that the composition of
the ion density is substantially changed. For example, observations around the Shuttle{Pickett et
al.,1985] indicate that the observed environment differs considerably from the expected ambient
environment.

It is important to study the self—consistent environment around large space vehicles such as the
Shuttle for several reasons. The major reason is to understand the noise that will be observed on
any sensors carried on the vehicle[Pickett et al.,1985|. This will directly affect the utility of the
sensors for purposes of observation. Another important reason is to build understanding of the
space plasma environment and some of the processes that can occur in it. Finally study of the
self—consistent environment will help in understanding such basic design issues as how to mitigate
spacecraft charging in low earth orbit.

In this paper we develop a simple model for the motion of a water plasma cloud around a
large structure in the ionosphere. In section 2 we derive the equations that describe the large scale
plasma flow around the body. In section 3 we obtain a analytic solution for the case where there
is no electrostatic modification of the motional potential. This case corresponds to a plasma cloud
which does not enhance the ambient density. In section 4 we perform a multiple scale analysis and
obtain the equations for the field line averaged densities and potential. For the case where the cloud
density exceeds the ambient density we show that the equations of motion do not allow steady state
solutions and suggest that the cloud may be unstable to the growth of E x B gradient instabilities.
We then solve the model equations numerically with an Flux Conserving Transport(FCT) numerical
method and show the long time behaviour of the plasma cloud. We obtain the ion residence time
for a range of cloud densities. For densities typical of what is observed around the Shuttle, the
residence times are consistent with the measurements. Finally in section 5 we conclude with a
discussion of the significance of these results for measurements from large space vehicles such as

the Shuttle. Although the equations of the water plasma cloud are generally applicable we choose
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to concentrate on the dynamic behavior of an initial water plasma ”puff” which could arise from

! ) an MPD thruster firing or a plasma source.

2 Derivation of the equations for the plasma cloud

— e e

Plasma clouds in the ionosphere have been studied both theoretically and experimentally for
a number of years(Perkins et al.,1973; Zabusky et al.; 1973; Mitchell et al., 1985]. The major

motivation has been to understand the dynamics of such clouds since they have been used for

o tracing the magnetic field lines and they may interfere with communications. In this work we
§ shall follow a similiar path to obtain the equations for the plasma and self-consistent electrostatic
; potential around a large body.

_’ We work in a frame attached to the space structure and start by assuming that the space
3' structure is emitting neutral water into an ambient background of oxygen ions and neutrals. The
:. spacecraft is taken to be moving at orbital velocity with respect to the ambient environment(~ 8
pd km/sec for low earth orbit). For an ambient environment whose neutral density is of the order of
N 102 cm~3 the mean free path of the water molecules is many kilometers. Hence for length scales
: of up to a few kilometers we can take the water molecules as freely expanding with their thermal
' velocity and write the steady state neutral water density as

: nH,0 = 1'12,20(r0/r)2 (1)
,'; This assumption about the neutral density is reasonable for low water densities (water density much
4 less than the ambient neutral density) but will have to be modified for higher densities. However
" since we wish to concentraie on the plasma dynamics we shall leave more detailed modelling of
'j the neutrals for future work. In Eq. (1) we have approximated the structure as a sphere of radius
b ro and taken r as the radial distance from the center of the sphere. This approximation wil! be
' reasonable for any body shape as long as we are several body dimensions from the body. So
N for example, for the Space Shuttle whose longest dimension is of the order of 40 meters can be
3 reasonably approximated in this manner at distances of the order of 100 meters and beyond. The
X density ny . is the density of water at the surface. The assumption that the neutral species 1s
A 3
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water is based on observations from the Space Shuttle where the dominant contaminant species
was observed to be H,O%[Caledonia et al.,1987|.

The ionic water may be formed by the charge exchange reaction
0% + H;0 %% 0 + H,0" (2)

where in the frame moving with the space structure the oxygen ions sweep through with an energy
of up to 5 eV. At this energy the reaction rate k., has been measured and is k., = 6 x 107'F
cm®/sec[Murad and Lai, 1986a] and for O* the charge exchange collision frequency is v,; =
nyg,okes.

We assume for simplicity that the body is moving perpendicular to the magnetic field with
velocity in a fixed frame of V. We define a wind velocity in the moving frame as V,, = -V and
then define a cartesian coordinate system (z,y, z) in the moving frame by taking the distance z to
be along the direction of ~V,,, the distance y to be along the direction of —V x B and the distance
z to be along the direction of the magnetic field B. We note that the negative y direction i3 along
the direction of the unshielded motional electric field that will be seen in the far field from the
moving frame. The frame is illustrated in Figure 1.

We take the oxygen and water ions to be mainly moving across the magnetic field due to their
large gyroradii while the electrons are taken to dominantly flow along the magnetic field due to

their small gyroradii. This assumption on the ion motion is true on the large scale where the ions

have a chance to complete their gyroorbits. In Caledonia et ai. 1957 the ions were taken to be
almostly perfectly shielded from the motional electric field and hence in the moving frame the cnly
motion available to them was parallel motion. In this work the potentiai 1s being calculated in a
self—consistent manner so that the ions can move accross the magnetic fieild. The perpendicular

velocity of the oxygen ions can be obtained from the steady state momentum balance equation Krall

and Trivelpiece,1973] and is
lTAof-':(ICony*K?)«[FL"b‘) “‘K,,) A

o2

where b is the unit vector in the magnetic field direction with x,,. being the Hall parameter given
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by

xo+ = No+/(Vo+ 10 + Vez)- (1)

and o+ being the oxygen cyclotron frequency while vp+ y.o is the oxygen ion-neutral water

momentum exchange collision frequency. The vector F, is given by
F. = —(cTi/eB)V  Inno+ + (ce/B)E + Vo+ H,0VH,0 . /So+. ()

In Eq. (5) T, is the ion temperature which we take to be constant and the first term is the force
due to the ion pressure, E is the electric field seen from the moving frame and gives the electric
force on the ions in the moving frame, while Uy, in the third term is the velocity of the water
and this term expresses the force on the oxygen ions due to collisions with the water neutrals. In
the derivation of the force on the oxygen ions the dominant collisions for these ions has been taken
to be collisions with the neutral water molecules(rate constant=~ 1.2 x 107 ¢m3/sec). Collisions
with oxygen neutrals(rate constant~ 3 x 10~ cm3/sec) have been neglected for simplicity since
we anticipate little differential velocity between oxygen neutrals and ions. In Eq. (3) the first term
gives rise to the well known Pedersen conductivity while the second contains the E x B drift and
the Hall current. We note that the Hall parameter takes very large values for parameters typical
of the ionosphere(vg+ .0 = 2 x 1073 sec™! and o+ =~ 1.8 x 10? sec™! so that xp+ =~ 9 x 10%).
This suggests that the dominant motion for the oxygen ions will be the £ x B drift. Hence we can

write the continuity equation for the oxygen ions as

aﬂo+
at

— %VJ_¢ X E Vno+ = —Np+V.z (6)

where the electric field in the moving frame is £ = —V¢ and the boundary condition on Eq. (6) is
that for :f] — oo the oxygen density approach the ambient density.

The electrons will mainly flow along the magnetic field but will also have an E x B drift across
the field. In addition electrons will be lost as a result of dissociative recombination of the water
ion. This occurs with a rate k,..,m which we shall specify later. Hence we can write the electron

continuity equation as

dn, ¢

VL¢ x 5 VYI, + V”Fe” = ‘nen}{20+krecom
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where I, is the parallel electron flux given by

en,

Fen = V“d’e

—
a0
—

m.v,
and the potential ¢, is defined as
Tc {
Ye=¢ - ? ln(ne/nambiem) {9)

In Eq. (9), ¢ is the self-consistent potential which is modified by the electron pressure. The parallel

current is related to the parallel electric field through the resistivity(n,)

Jy = —el, = '7_: (—V“tl)e) (10) N

where the resistivity is given by ,
Mele ’

= . 11 el

Ne ne? ( ) -

In Eq. (8) the collision frequency v, is the electron momentum exchange frequency due to collisions ~"
o

with the neutrals or the ions. The physical content of this equation is that the electrons flow along
the field lines and are swept across it by the self consistent potential in the plasma cloud. We
note that for any steady state to exist to this equation it is necessary that there be a convection
of electrons across the field lines. This implies that the potential contours must be open. This is
because closed potential contours will cause the plasma to rotate; Daly and Whalen, 1979! but will
not lead to any net loss. This implies that the symmetry breaking part of the electrostatic potential
will be crucial in determining the motion of electrons. This part of the potential will arise frem
the fact that the system is moving and hence sees a motional potential.

Once we have the equations for the oxygen ions and the electrons the equation for the water

ions follows from the requirement that the plasma remain quasineutral,
TlH20+ :n,—nO‘. (1:

As an alternative to using Eqs. (6), (7), and (12) we could use Eqs. (6) and (12) coupled with the

equation for the water ions

8nH o+ (o -
‘—a:—"‘ EVL¢Xb-VnH20+ = N+ Ver —nen,,z().k,,mm (l”rr
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Finally we need an equation to determine the self-consistent potential . This equation comes
from the requirement of quasineutrality for all times. This means that in addition to Eq. (12) we
require that we have charge conservation(V - 7 = 0 where 7 is the current flowing in the plasma).
We take the perpendicular current to be given by the perpendicular ion flows( Eq. (3) and the
analogous equation for the perpendicular water velocity) and the parallel current to be given by
the electron flows( Eq. (10)) and obtain the equation|[Drake and Huba, 1986|

c g0+ no+
BV ((T_ + no—dvm) + 9. (Duy, oo + Diyerior)
2

+ [gx TH,0 .v(no+'i9_+-_ff:_0)+gx ‘70'V("H,O+M ]
o+ QH,o+
1
Vil —V ) = 0 14
+Vy (er)e ||¢’e (14)

In this equation for charge conservation the perpendicular ion diffusion coefficient is

1 cT;
D, == 15
L x;eB (15)
where the Hall parameter for the water ions is
K0+ = Q;1,04-/(1’1,r,o+,o ~ Vez) (16)

We note that in this expression all the E x B drifts have cancelled out since they do not give rise to
any net current. The first term on the RHS of Eq. (14) arises from the Pedersen current due to the
electric field, the second term due to the diffusion of ions down the density gradients, the third due
to the Hall current while the fourth is the electron flow to balance the ions. This equation must be
solved subject to the boundary condition that in the far field the electric field in the moving frame
i3 the motional electric field. This requires that for |/l — co we have V 4 = -V x B/c. We can
interpret the first two terms in the potertial equation( Eq. (14) as giving the shielding from the
plasma cloud while the last term is the charge neutralization by the parallel low of electrons from

far away in the ionosphere.
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3 Analytic Solutions of the Cloud Equations

The set of equations for the potential and densities cannot 1n general be solved analytically
However it is possible to obtain a special solui..on and draw some general conclusions from the
scructure of the equations.

If the density of the cloud is very low then we expect thet the motional potential will be ouiy
weakly shielded by the cloud. In this case we approximate the electric fieid evervwhere by i
boundary condition on Eq. (14) and write V_¢ = -V x B/- for all space. if we require *5y
¢ = ¢(r.) (i- e. we do not allow any parallel electric fields) then in the absence of recomtinat.. =

we have from Eq. (7) in steady state that
-\;;~an¢:0_ T

which has only two possible solutions, either that n, = n,,,.n everywhere or that n, varies .1

only one direction in space which is physically unreasonable. The oxygen equat.on 15
-V.V. nge = -ny.ovyg ot

which has the solution

No+ = Nambrent EXP —nH’Ok" _ [arctan( o ' )
% ’..*:’:L VLS B
vy v Y .
This shows the product of the water column density traversed by a ()7 o and the charar ev far,
crose section. Hence the electron density is constant everwhere while Tie oygr: fefsoy s e
and partially replaced by the water density. The contonrs of st nt wvor Lo enagy fely .
to the ambient electron density are shown in Figure 2 for 4 - T S R - R TS 0 S E P
which i3 emitting water from a central region of 110 deters o vias W chise © ook ot
large length scales since there 1s evidence from PDEP s oty oot she Shate D wae s
10ns out to a kilometer from the Shuttle G Murphy. privarte o o 0 ion, 1axT We see 0oy

most of the depletion for the oxygen density orcurs on rhe wibe wide  f e wrotore and G-
case somewhat less than half of the oxvgen 10ns are convertea 1o water s Hegee Sor thig - yee

the water plasma cloud is actually a depietion relative to the ambient clectron density
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4 Derivation and Numerical Solution of the Averaged Cloud

Equations

Since the plasma flow along the magnetic field is extremely rapid compared to the perpendicular
flow we can simplify the equations describing the plasma by doing a formal multiple scale analysis.
Physically, we expect the cloud to take a cigar shape along the magnetic field. The equations for
the field line averaged density and field line averaged potential can be obtained by averaging the

density and potential equations where the averaging operator is given by

1 dl
- rasl 13
Hence from this point, N, Ny,0+, No+, ® refer to the field line averaged electron density,water ion
density etc. The field line average operator annihilates the parallel terms in the electron density
and potential equations ard gives for the density equations (from Eqs. (6) and (7))

N ¢ -
aem ~ V12 %6 VNos = ~No+ves

IN ¢ Y
a—te - EV_LQ x b Vﬂ, = —N,Nyzoi—kncom

while the potential equation ( Eq. {14))is

Nyo+  No+
N ALl AN A .
v (( RH 0+ * Ko+ Vi) + Vs (DLH:O* Nior + Doy N0+)

Qo+

- v —~ v
‘+[beH,O-V(NO»,M)MxJO.V(NH20¢M) = 0 (22)

Qg0+

In obtaining these equations we have used the multiple scale assumption to say that the densiti>s
and potential have a strong dependence on the perpendicular direction and a weak dependence on
the parallel direction. This is a reasonable assumption for the plasma quantities but cannot be
applied to the neutrals. Therefore in Equations (20), (21), and (22) we have evaluated the neutral
water density in the plane z = 0. This assumption enables us to obtain a closed set of equations

for the field line averaged quantities and still contains the appropriste physics.
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This set of equations describes the dynamic evolution of a water plasma cloud as seen from a
moving frame and with the potential calculated self-consistently. We shall use these equations to
study the evolution a water plasma cloud where the initial density may be larger than the ambient
electron density. As pointed out in Caledonia et al.[1987] such an enhanced density cannot arise
self-consistently solely by chemical processes such as charge exchange. Therefore in those cases
where the water plasma density exceeds the ambient density we assume that the water plasma has
been injected at the initial time due to some mechanical mechanism such as the firing of a plasma
source.

This set of field line averaged equations for a plasma cloud around an space structure still cannot
be solved analytically but it can be shown that the only steady state solution allowed is the one
previously discussed where the electron density is uniform everywhere. The proof of this statement
is given in the appendix and follows a similiar proof in work by Dungey[1958!. Since in the far
fizld the electron density must match the ambient density we conclude that plasma clouds whose
density exceeds the ambient density cannot be steady state structures. Therefore the enhanced
densities seen around the Shuttle{Pickett et al.,1985] must be transient phenomena. The fact that
a plasma cloud whose density exceeds the ambient will continously evolve is also suggested by
the following physical arguments: such a plasma cloud will have a density distribution which will
probably peak towards the center of the cloud. The moving cloud will have Pedersen currents in
it which act to modify the imposed motional field. These Pedersen currents are density dependent
since they arise {rom the bulk motion of ions due to the potential gradients. Therefore we expect
and Eq. (22)confirms this, that the highest density regions cf the cloud will modify the motionai
potential most effectively. Hence the low density cloud edges will see a self consistent £ x B dniit
different than the higher density regions. This leads to a veiocity shear through the cloud which
causes it to continously distort. Therefore no steady state will exist. The timescale on which thus
distortion will take place will be a function of density. It can be estimated on the basis of the
arguments given by Perkins et al.[1973" if we assume that the dominant effect of the cloud s to

shield the potential. If the cloud has density n, > n,msenc then the electric field in the cloud 1x
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E, ~ namsient/nc Eo where Eo=V x g/c = Ey€,. From V x E = 0 we obtain

E; ~ —y(nambient /n?)(dn./dz)E,.

The cloud velocity is V. = cE x B/B? which gives

v = _V("ambient/nc)

and
=V (ynambient /n?)(dn./dz).

We see that in the moving frame the cloud will drift backwards with a velocity which depends
on the density and will drift sideways with a velocity which depends both on the density and on
how sharp the density gradient is in the direction of the neutral wind. From these estimates we
can see that distortion will occur on a timescale of Ln/(V(namsient/nc)) where L, is the density
length scale. For the case of the Space Shuttle if we take the density length scale to be the Shuttle
length(=~ 50 meters) and take a water ion cloud of 107 cm~* in an ambient density of 10 cm™3
then for a velocity of 8 km per second the distortion time is 0.6 seconds.

We have solved the averaged cloud equations(Egs. (20), (21), and (22)) for a Skm by 5km
square region using a uniform 101 by 101 cartesian mesh. The center of the square was fixed on
the structure. With ny.o+(z,y) and np+(z,y) given at some time we calculate the potential from
Eq. (22) and use that result to obtain the flow field velocities. Then that information is used in
Eqgs. (20) and (21) to advance the densities by one timstep.

Successive Point Over Relaxation(SPOR) was used to solve the elliptic current balance equation.
This scheme introduces a relaxation parameter into the equation and which then allows an iterative
solution of the problem|{Roach,1976]. The derivatives were approximated by second order finite
differences and iterations were carried out until the maximum error was less than 107> between
two sucessive iterations. Neumann boundary conditions were applied in both the x and y directions

We required the potential to match the following boundary conditions in the far field

VxB
Vig=-
[
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in the V x B direction and

Vi¢g=0

in the direction of motion. The potential of the central structure was taken to be 4 Volts which 1s
consistent with measurements taken from the Shuttle.

For the convective equations we used the two-dimensional flux correction method(FCT) of
Zalesak{1979]. The high order scheme was a leapfrog-trapezoidal|Roach,1976] with fluxes calculated
with the flux formulae developed by Zalesak[1984] while a donor—cell scheme|{Roach,1976] was used
for the lower scheme to complete the FCT algorithm. Symmetric boundary conditions were applied
on the density distributions and the flux limiter was applied on every iteration. No assumptions
were made about the symmetry of the solutions so that the computations were carried out through
the whole mesh. The oxygen density approached the ambient ion density( taken to be 2 x 10°
cm™3) at the edges of the square. The water ion density was assumed to have an initial gaussian
profile falling off on a length scale of 500 meters.

N
. r—r
ng,0+ = ny,0+(Z =0)exp [— (L—EL—“) J

where |F,j = 50 meters and R, = 500 meters. This simulates a large scale ionic water injection.
The initial water ion profile for a typical simulation is shown in Figure 3 where the central density
for this case was ngy o+(Z = 0) = 10® cm~3. In this figure the x—direction corresponds to the
negative wind velocity direction. That is the neutral wind is blowing from positive x to negative x
in this figure. The negative y direction is the direction of the motional electric field.

In Figures 4-6 we show the initial distribution of potential for a density profile as given in Figure
3 and for three initial ion water densities. In Figure 4 the initial water density was ny o+(Z =
0) = 10* cm™3. In this figure we see the shielding that arises when the total ion density exceeds

tie ambient oxygen ion density and the cloud behaves as a classical dielectric. In Figure 5 the

central water density was taken to be n +(£=0) =108 cm~>. Here we see exactly the opposite
y H;0 M PP

tendency from Figure 4. The electric field inside the cloud increases rather than decreases. This
occurs because the density gradient terms in the current balance equation are large enough to

overcome the natural polarization which occurs due to the imposed motional electric field. The

12
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electric field increases since a large mobility driven electric flux is necessary to balance the density
gradient driven ion flux. This tendency is confirmed in Figure 6 where we give the potential
distribution for ng o+(Z£ = 0) = 10® cm™3. The potential contours here can be well modeled as
due to a uniform motional field and a positive charge on the positive y side of the cloud and a
negative charge on the negative y side of the cloud. This suggests that the picture of the plasma
cloud around large objects in the ionosphere as being a dielectric shield|Katz et al., 1984 is too
simplisitic a model. The important effect of the plasma density gradients must also be taken into
account.

A typical simulation is shown in Figures 7-13 for the initial water ion puff given in Figure 3 and
with an initial density of ng,o+(Z = 0) = 108 cm™3. Since an enhanced density of this magnitude
would have to be caused by some means such as a plasma source which would probably emit warm
electrons we took the recombination rate for the water as k,.com =~ 3 X 1078 cm3/secs[Murad and
Lai, 1986b] which corresponds to an electron energy of 1 eV. The neutral water is assumed to have
the form given in Eq. (1). In Figure 7 we show the density contours at 0.1 seconds after the start
of the simulation. This corresponds to 16 gyroperiods which is enough time so that a substantial
E x B drift can occur. The water ion cloud is seen to be drifting backwards and to be undergoing
some distortion on the backside of the cloud. The central region of the cloud is seen to be breaking
into two regions with very steep gradients on the backside of the central region. The fact that
most of the distortion is concentrated on the backside of the cloud can be understood by noting
that the high density core of the cloud will drift more slowly than the rear fringes of the cloud
so that the back edge of the cloud will collide with the central core so leading to the observed
distortion. Also around the source ionic water is still being formed due to charge exchange and
then immediately drifting backward so that a very steep density gradient in the ionic water is
observed near the source. The distortion on the backside of the cloud may be the development
of the E x B instability. In barium cloud studies where the equations;{Perkins et al.,1973] for
the barium cloud are very similar to the ones used here the cloud was observed to break up into
filaments both experimentally and numerically{Zabusky et al,1973|. For barium clouds it is believed

that the filaments may be associated with the formation of £ x B instabilities{Drake and Huba,
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1986]. This leads us to suggest that the filaments may be due to a similar reason. This important
topic of possible instabilities is the subject of ongoing research and will be reported in a future
publication.This may be another reason why no steady state may exist. This also suggests that
electrostatic noise may be inextricably linked with the large water densities observed around large
space objects. In Figure 8 we show the associated oxygen density contours at the same time. This
region delimits the area where new ionic water is being created from the area where ionic water
exists because it is came from the initial conditions. Comparision of this figure with the last figure
suggests that part of the breakup of the central core may be due to the creation of ionic water
there in an asymmetric manner. In this figure we also see the very sharp density gradients in the
oxygen density along the edges of the oxygen hole. In 0.1 seconds the region of oxygen depletion
extends back behind the structure a distance of approximately 0.7 km. This suggests that the
center of the water cloud is moving with a drift velocity of approximately 7 km per second. This
is less than the velocity an individual ion would drift backwards with if it saw only the motional
electric field and occurs because the ions in the cloud are being affected by the self—consistent
electric field and not the motional electric field. In Figure 9 we show the potential contours at 0.1
seconds. The fact that the cloud has moved relative to the structure is clearly seen in this figure
since the region where the potential contours is distorted has moved backwards. For Figure 10-13
we show the time development of the water ion cloud at 0.15,0.2,0.25 and 0.3 seconds. The cloud
continues to develop a tadpole-like shape in the direction of cloud motion and the central breakup
and gradients become more pronounced. The instability on the backside of the cloud has entered
a nonlinear state where distinct fingers have formed on the backside of the cloud. This has also
been seen in barium cloud releases in the ionospt.ere. The cloud distribution over this period of
time suggests that measurements of the cloud density from the structure will see a density that 13
both time dependent and spatially anisotropic. This suggests that density measurements from the
Space Shuttle must be interpreted with care.

The time that ions spend in the vicinity of the structure is critical to determining the range
of chemical reactions that they can undergo. This question 13 of substantial interest since there 15

evidence that chemical reactions can occur over surfaces in space Green et al..1985 . In Table 1
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ngo0+(Z=0) (cm™3) | r (millisecs)
104 44
108 19
108 8
107 5

Table 1: Residence time against central ion water density

we give an estimate of the residence time of a water ion in the vicinity of the Space Shuttle as a
function of the initial central water ion density. The residence time(r) was defined as r = L/vp
where L is the length of the Shuttle taken as 50 meters and vp is the cloud drift velocity determined
from the simulation. We see that the residence time of the ions is in the millisecond to tens of
milliseconds range and futhermore the higher density cases lose ions substantially faster than the
low density cases. This suggests that measurement of the decay rate of a puff of plasma will not
give a unique answer for the ion residence time[Sasaki et al, 1985]. Rather the ion residence time
is a function of the density as we would expect for a lozs process which is not linear. For the low
density case the residence time is consistent with measurements from the ShuttleCaledonia et al.,
1987;. In Caledonia et al{1987] it was shown that a signal of ng o+ /np+ of 0.1 was consistent with
a loss time for the water ions of 40 milliseconds. We also note that these times are consistent with
results from Spacelab 2 where enhanced ionic densities were not seen and substantial shielding of

the motional potential was not observed!J. Raitt, private communication, 1986!.

5 Conclusions

We have formulated a simple model for the plasma cloud around a large structure in the
ionosphere. One such structure is the Space Shuttle and another may be a system like the Space
Station. The model has been applied to an ionic water puff and the dynamic behavior of the cloud
followed.

A number of important conclusions can be drawn. First 13 that the cloud possesses no steady

state if the electron density is enhanced above the ambient. The second i3 that the effect of density
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gradients in the cloud may actually enhance the electric field that the cloud sees so that the picture
of the cloud always acting as a shield against the motional potential 1s too simplistic. The third 1s
the cloud may be subject to electrostatic instabilities which will grow and saturate with distortion of
the cloud structure. This will mean that electrostatic noise and turbulence may always accompany
these clouds. Finally we conclude that the cloud structure will be highly anisotropic which suggests
that measurements of the cloud density from the structure must be treated with care.

Future work will concentrate on elucidation of the electrostatic instabilites associated with the
cloud and on resolution of the ion residence times with the observed chemistry around the Shuttie

These conclusions indicate that sensors on board systems like the Space Shuttle or a Space
Station will have to cope with a background which is spatially anisotropic, temporally varying an.

also electrostatically noisy. These issues will also be studied in future work.
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A Analytic Proof that Cloud Equations have no Steady State

We consider Eqgs. (20), (21), and (22) with recombination in the eiectron equation ignored fr
simplicity. We define two potentials by
® B

Yo+ = +~ =D lnn,,. SANE
Ko+ ¢ o
and
° B
VYy,0v = ——— = D, long (21
KH,0+ ¢ )
We assume that the density equations for the oxygen and water possess a -teady <tate and thar
the plasma cloud 1s moving with sotne constant velocity V.. With this assumption we can write
an( -
) ; -
—s e Vo Vng . ng g (27
Jt :
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and

6n”,o+
at

We substitute Eqs. (25) and (26) into Eq. (20) and the equivalent equation for the water ions and

=-V,. Vng,0+ + no+vez. (26)

use the definitions of the potentials in Eqs. (23) and (24) to obtain
- ‘_/.c . Vn0+ = %(V¢o+ X g) . Vno+ (27)

and

- ¢ -
- V,_. . VnHzO*’ = —B-(V¢H20+ X b) . Vngzo+. (28)

These equations have the general solution

- 1
V¢O+ =-H + VWO+ (29)
no+
and
~ 1
Vd)HgO* = -G+ ————V\I’H20+ (30)
nH,0+

where H and G are constant vectors related to V, and VW¥y,0+ and V¥ are arbitrary functions
of the water ion density and oxygen ion density respectively. If we substitute these expressions for

the potentials in Eq. (22) we obtain
Vz(‘l’0+ + \I’H;O*) = M . Vﬂo+ + ﬁ . VnHzo+ (31)

where the vectors M and N are independent of the densities. We integrate Eq. (31)over a volume

V bounded by a surface of constant electron density to obtain

/Vv’(w“. s Wy 0+)dV =0 (32)

Now if we multiply Eq (31} Uy ¥+ + ¥y, .. integrate over the same volume and use Eq. (32)

and Green’s theorem we obtain

/(V\P,,. - SWy00)0dV -0 (22)
v
This 18 only possible (f
(V. « Vg ) O (21)
17
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This indicates that the electron density equation must be of the form
V.. Vn, =0. (25)

The only nonconstant solution to this equation is for the electon density to vary in only one direction
in space which is physically unreasonable. Therefore we can conclude that if the electron density
has closed contours then it has no steady state and if there is a steady state then the electron

density must be the ambient density everywhere.
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